triglyceride synthesis: the dynamic functional roles of MGAT and DGAT enzymes in energy metabolism. Am J Physiol Endocrinol Metab 297: E10-E18, 2009. First published December 30, 2008 doi:10.1152/ajpendo.90949.2008 and diacylglycerol acyltransferases (DGATs) catalyze two consecutive steps of enzyme reactions in the synthesis of triacylglycerols (TAGs). The metabolic complexity of TAG synthesis is reflected by the presence of multiple isoforms of MGAT and DGAT enzymes that differ in catalytic properties, subcellular localization, tissue distribution, and physiological functions. MGAT and DGAT enzymes play fundamental roles in the metabolism of monoacylglycerol (MAG), diacylglycerol (DAG), and triacylglycerol (TAG) that are involved in many aspects of physiological functions, such as intestinal fat absorption, lipoprotein assembly, adipose tissue formation, signal transduction, satiety, and lactation. The recent progress in the phenotypic characterization of mice deficient in MGAT and DGAT enzymes and the development of chemical inhibitors have revealed important roles of these enzymes in the regulation of energy homeostasis and insulin sensitivity. Consequently, selective inhibition of MGAT or DGAT enzymes by synthetic compounds may provide novel treatment for obesity and its related metabolic complications. monoacylglycerol acyltransferase; diacylglycerol acyltransferase; obesity IN MAMMALS, THE SYNTHESIS OF TRIACYLGLYCEROL (TAG) serves critical functions in multiple physiological processes, including intestinal dietary fat absorption, intracellular storage of surplus energy, lactation, attenuation of lipotoxicity, lipid transportation, and signal transduction (26, 42, 61, 69 ). There are two major biochemical pathways for TAG synthesis (Fig. 1) . The monoacylglycerol (MAG) pathway begins with the acylation of MAG with a fatty acyl-CoA by monoacylglycerol acyltransferase (MGAT). This pathway plays a predominant role in the enterocytes after feeding, where large amounts of 2-MAG and fatty acids (FA) are released from the digestion of dietary lipids (57). The MAG pathway is also active in adipose tissue (58), likely playing a role in storing excess energy in the form of TAG. A second pathway to TAG synthesis is the glycerol 3-phosphate (G-3-P) pathway, a de novo pathway in most tissues, including the small intestine. The G-3-P pathway begins with the acylation of G-3-P with a fatty acyl-CoA, producing lysophosphatidic acid, followed by further acylation and dephosphorylation to yield diacylglycerol (DAG) (5, 26). These two pathways share the final step in converting DAG to TAG, a reaction catalyzed by diacylglycerol acyltransferase (DGAT) (13, 26) .
IN MAMMALS, THE SYNTHESIS OF TRIACYLGLYCEROL (TAG) serves critical functions in multiple physiological processes, including intestinal dietary fat absorption, intracellular storage of surplus energy, lactation, attenuation of lipotoxicity, lipid transportation, and signal transduction (26, 42, 61, 69) . There are two major biochemical pathways for TAG synthesis (Fig. 1) . The monoacylglycerol (MAG) pathway begins with the acylation of MAG with a fatty acyl-CoA by monoacylglycerol acyltransferase (MGAT). This pathway plays a predominant role in the enterocytes after feeding, where large amounts of 2-MAG and fatty acids (FA) are released from the digestion of dietary lipids (57) . The MAG pathway is also active in adipose tissue (58) , likely playing a role in storing excess energy in the form of TAG. A second pathway to TAG synthesis is the glycerol 3-phosphate (G-3-P) pathway, a de novo pathway in most tissues, including the small intestine. The G-3-P pathway begins with the acylation of G-3-P with a fatty acyl-CoA, producing lysophosphatidic acid, followed by further acylation and dephosphorylation to yield diacylglycerol (DAG) (5, 26) . These two pathways share the final step in converting DAG to TAG, a reaction catalyzed by diacylglycerol acyltransferase (DGAT) (13, 26) .
In the past few years, great strides have been made in the identification and characterization of the enzymes of these two pathways. As a result of rapid progress in genomics, bioinformatics, and transgenic mouse models, much has been learned about the underlying mechanisms that regulate TAG synthesis. The use of bioinformatics bypasses the difficulties in the purification of these enzymes from primary tissues because most of the enzymes are intrinsic membrane proteins. For example, the identification of DGAT1 was achieved by its sequence homology with acyl-CoA:cholesterol acyltransferase 1 (ACAT1) (13, 15) , and the recent purification and cloning of DGAT2 from the oleaginous fungus Mortierella remmaniana (40) sparked the identification of members of the DGAT2 gene family, including DGAT2 and three MGAT isoforms (MGAT1, MGAT2, and MGAT3) (11, 14, 22, 78, 79) .
The importance of TAG synthesis is exemplified by severe insulin resistance in patients with lipodystrophy, a genetic condition characterized by defective TAG synthesis and storage in adipose tissues (1, 49) . Whereas excess TAG accumulation in adipose leads to obesity, ectopic storage of TAG in nonadipose tissues such as liver and skeletal muscle is associated with insulin resistance (45) . Recent progress in the identification and characterization of the MGAT and DGAT enzymes along with the phenotypic characterizations of mice with altered expression of these genes have provided important insights into their dynamic roles in the regulation of energy homeostasis and other physiological functions.
Catalytic Properties of MGATs and DGATs in the Synthesis of TAG
MGATs. MGAT catalyzes the first step in TAG synthesis involved in dietary absorption by enterocytes. Three isoforms of MGAT enzymes, known as MGAT1, MGAT2, and MGAT3, have been identified so far. All three MGAT isoforms possess strong MGAT enzyme activity and are localized in the endoplasmic reticulum (ER) (11, 14, 22, 78, 79) . However, they differ in tissue expression patterns and in catalytic properties. The MGAT1 mRNA has been detected mainly in stomach, kidney, and adipose tissue, whereas MGAT2 and MGAT3 exhibit highest expression in the small intestine (11, 22, 78, 79) . Among the MGAT isoforms, MGAT3 possesses some unique features. The MGAT3 gene is found only in higher mammals and humans but not in rodents. Although named after its enzyme activity, MGAT3 shares higher sequence homology with DGAT2 than with the other MGAT isoforms. In addition, MGAT3 demonstrates significantly higher DGAT activity than MGAT1 and MGAT2 in the order MGAT3 Ͼ MGAT1 Ͼ MGAT2 when either MAG or DAG is used as substrate, suggesting that MGAT3 also functions as a TAG synthase (9) . The DGAT activity of MGAT3 is relative to the concentration of MAG substrate. When low concentrations of 2-MAG are used as a substrate, the major enzyme product of MGAT3 is TAG (21) . In contrast, DAG is the major enzymatic product when high concentrations of 2-MAG are used as a substrate (21) . It can be envisaged that MGATs and DGAT2 enzymes may be evolved from a common ancestral gene. This notion is supported by their similar subcellullar localization pattern (9) and the colocalization of DGAT2 gene with MGAT2 gene on the same region of human chromosome 11. Although MGAT3 enzyme exhibits strong DGAT activity, its catalytic properties are quite different from those of DGAT1. Whereas MGAT3 is very sensitive to treatment with 1% 3[(3-cholamidopropyl)dimethylammonio]-propanesulfonate, DGAT1 activity is stimulated by its application, indicating that they possess different catalytic mechanisms. Interestingly, MGAT3 activity is equally sensitive to detergent inactivation when either MAG or DAG is used as a substrate, suggesting that the DGAT and MGAT activities of the MGAT enzymes are inseparable (9) .
DGATs. DGAT catalyzes the final step in mammalian TAG synthesis that merges the MGAT and G-3-P pathways ( Fig. 1 ) (26) . In mammals, there are two isoforms of DGAT enzymes, DGAT1 and DGAT2. DGAT1 is a member of the mammalian ACAT gene family (13, 53) , whereas DGAT2 belongs to a new family of acyltransferases that includes the three MGAT enzymes. In addition to DAG, both DGAT1 and DGAT2 also recognize MAG as a substrate in the synthesis of TAG (21, 75) . Although both DGAT1 and DGAT2 enzymes catalyze the same reactions in TAG synthesis with DAG or MAG and acyl-CoA as substrates, they are functionally distinguished by their differences in catalytic properties (9, 21) , subcellular localization (64), physiological regulation (50) , and phenotypic consequences when rendered deficient in mice (61, 63) . When MAG is used as a substrate, the major enzymatic product catalyzed by DGAT2 is TAG. In contrast, the enzymatic products catalyzed by DGAT1 depend on the concentration of MAG, but the TAG/MAG product and substrate relationship does not obey the classic Michaelis-Menten kinetics. At low concentrations of MAG, the major acylation product by DGAT1 is TAG. However, the DGAT activity of DGAT1 is dramatically inhibited when high concentration of MAG is used as a substrate, resulting in an increased production of DAG (21) . Overexpression of DGAT1 results in the accumulation of small lipid droplets around the cell periphery, whereas overexpression of DGAT2 leads to increases in large cytosolic lipid droplets (63) . This difference may be related to the previous reports on two proposed types of DGAT activities in liver microsomes, an overt activity that regulates the cytosolic TAG pools and another that is latent and plays a role in TAG secretion (55, 71) . This is supported by studies in which inactivation of the yeast Dgat1 gene resulted in the reduction of DGAT activity on lipid particles, but without significant effect on DGAT activity in the ER (62) . Upon the treatment of oleate, DGAT2, but not DGAT1 and MGAT2, can also be detected in mitochondria-associated membranes and lipid droplets in addition to ER (64) . Furthermore, when DGAT1 is overexpressed in mouse liver via an adenoviral vector, the mice showed increased VLDL secretion and gonadal fat mass, whereas hepatic-specific DGAT2 overexpression increased liver TAG content but not VLDL secretion (74) . DGAT1 has also been shown to recognize wax alcohol and retinol as acyl acceptors in potential acyl-CoA:wax alcohol acyltransferase and acyl CoA:retinol acyltransferase reactions, implicating a role of DGAT1 in the synthesis of wax esters and retinyl esters, respectively (54, 77) .
Insights into the Physiological Function of MGAT and DGAT Enzymes
In addition to the synthesis of TAG, the MGAT and DGAT enzymes also modulate intracellular levels of MAG and DAG, two important signaling molecules. DAG is an activator for protein kinase C (PKC), which regulates insulin sensitivity in the liver and skeletal muscles (43). 2-Arachidonoylglycerol (2-AG) in the brain is a natural ligand for endocannabinoid . This pathway dominates in the small intestine, a tissue primarily responsible for dietary fat absorption. The glycerol 3-phosphate (G-3-P) pathway is a de novo pathway involved in TAG synthesis in most tissues. The G-3-P pathway begins with the acylation of G-3-P by glycerol-3-phosphate acyltransferase (GPAT) with fatty acyl-CoA, producing lysophosphatidic acid (LPA), followed sequentially by further acylation by LPA acyltransferase (LPAAT) and dephosphorylation by phosphatidic acid (PA) phosphorylase (PAP) to yield diacylgycerol (DAG). The 2 pathways share the final step in converting DAG into TAG, which is catalyzed by diacylglycerol acyltransferase (DGAT). DAG is also used as a substrate for the synthesis of phosphatidic choline (PC) and phosphatidic ethanolamine (PE).
receptors, which regulate various physiological events, including appetite (27, 48, 65) . Consequently, the MGAT and DGAT families of enzymes are implicated in the regulation of various physiological functions, such as dietary fat absorption, lipid metabolism, fat storage, insulin sensitivity, satiety, and energy homeostasis (Fig. 2) .
Regulation of dietary fat absorption. In mammals, the small intestine plays a major role in fat absorption (70) . Dietary fat in the form of TAG is emulsified to fine lipid droplets in stomach, and further enzymatically digested to MAG and FA, mainly by pancreatic lipase and its cofactor. Facilitated by bile salts, MAG and FA are taken up by enterocytes (57), where they are resynthesized into TAG, packaged into chylomicrons, and secreted into circulation. As shown in Fig. 3 , there are two main biochemical pathways for TAG synthesis in the enterocytes, the MGAT pathway and the G-3-P pathway. The relative activity of each pathway is determined by the abundance of 2-MAG and free FA. Under normal lipid absorption conditions, the MGAT pathway contributes to ϳ80% of TAG incorporated into chylomicrons in the intestine (57, 70) .
In support of a key regulatory role of MGATs in dietary fat absorption, all three genes encoding the recently identified MGAT enzyme (MGAT1, MGAT2, and MGAT3) demonstrate predominant expression in the gastrointestinal tract (8, 11, 22, 78, 79) . MGAT2 and MGAT3 are expressed mainly in small intestine, whereas MGAT1 is most abundantly expressed in the stomach. Although high mRNA levels of both MGAT2 and its short isoforms are present in human liver, very little MGAT enzyme activity was identified in that tissue, possibly reflecting a posttranscriptional regulation of the gene (44) . The predominant role of MGATs in dietary fat absorption is also supported by the expression pattern of MGAT2, which mirrors that of dietary fat absorption (10) , with the highest expression in the midgut. Consumption of Western diet enriched with animal fat is believed to be a contributing factor for the ongoing obesity epidemic (60) . Diabetes, obesity, and lactation have been shown to induce liver MGAT enzyme activity in rodents (8, 46, 52) that is correlated with increased dietary fat absorption. Consequently, MGAT2 mRNA expression is significantly upregulated in sections of small intestine of mice fed a high-fat diet and lactation, supporting a predominant role of MGAT enzymes in dietary fat absorption (10, 24) . Last, mice with targeted inactivation of MGAT2 gene exhibited a significant delay in dietary fat absorption, although MGAT2 knockout mice absorbed normal quantities of fat (76) .
In contrast to the apparent restricted expression of the MGAT enzymes in the gastrointestinal tract, both DGAT1 and DGAT2 are widely expressed in a variety of tissues (13, 14) , reflecting their important roles in both the remodeling and de novo pathways of TAG synthesis. DGAT1 and DGAT2 are also abundantly expressed in the small intestine, suggesting an important role in dietary absorption. In support of this notion, mice with targeted deletion of DGAT1 exhibit a delay in circulating postprandial hypertriglyceridemia and a reduction in chylomicron production (7) . The involvement of DGAT1 in dietary fat absorption was further supported by the development of a DGAT1-specific enzyme inhibitor, XP620, which significantly decreased apolipoprotein B (apoB) secretion in Caco-2 cells, TAG and DAG synthesis in primary enterocytes, and dietary fat absorption in rats (21) .
Genetic dissection of MGATs and DGATs in regulating energy homeostasis. As reflected by their tissue distribution pattern and activities, the MGAT enzymes are likely to regulate energy homeostasis via their role in dietary fat absorption. The impact of the MGAT then may be very significant if a Western diet enriched with animal fat is the major source of food intake. This notion is supported by the recent phenotypic characterization of MGAT2-knockout mice, which exhibited a reduction of metabolic efficiency and increased thermogenic energy expenditure when fed a high-fat diet. MGAT2-knockout mice were protected from developing obesity, fatty liver, hyperlipidemia, and glucose intolerance under the challenge of chronic high-fat feeding (76) .
DGAT1 polymorphisms have been linked with a certain type of human obesity (47) . In plants, a single amino acid polymorphism of the DGAT1 gene is linked with oil content in maize (83) . Likewise, a single nucleotide polymorphism of DGAT1 is associated with milk fat content in cattle (3). DGAT1 protein levels increased sharply following differentiation of 3T3-L1 into mature adipocytes. Overexpression of DGAT1 and DGAT2 results in a significant increase in TAG synthesis in mature adipocytes (63, 81) . Conversely, mice with DGAT1 deficiency demonstrated a reduction in adiposity and resistance to high-fat diet-induced obesity (61), which is accompanied by increased energy expenditure and hyperlocomotive activity (17) . This metabolic phenotype is likely caused by changes in adipocyte lipid metabolism resulting from DGAT1 deficiency. Wild-type mice with adipose transplanted from the DGAT1-deficient mice demonstrated physiological features that are similar to the DGAT1-knockout mice, including resistance to diet-induced obesity and an improvement in insulin sensitivity (16) .
Regulation of fat storage by DGAT2. In contrast to the phenotype of DGAT1 deficiency, targeted inactivation of DGAT2 enzyme resulted in lethal neonatal lipopenia and skin barrier abnormalities (63) . DGAT2 plays a much more critical role in TAG synthesis in various tissues, as evidenced by the near absence of TAG in liver and in white adipose tissue and a Ͼ70% reduction in plasma levels of TAG, free FA, and glucose in the DGAT2-knockout mice. The lethal phenotype was not compensated by DGAT1, further suggesting the different roles played by these two enzymes in endogenous TAG synthesis (63) . Interestingly, the content of linoleic acid (18:2) in free FA of liver and plasma was greatly reduced in DGAT2-null mice, suggesting a key role of DGAT2 in selective retention of essential FA that are vital for maintaining normal skin function. Although the heterozygous DGAT2-knockout mice appear indistinguishable from the wild-type controls, further analysis is needed to investigate whether they are more resistant to diet-induced obesity. The difference in the phenotype between the DGAT1-and DGAT2-knockout mice supports previous speculation that there are two different DGAT enzymes responsible for storage and mobilization, with separate pools of TAG for storage and oxidation (29) .
Tissue-specific effects of DGAT enzymes in insulin sensitivity. Increased TAG storage in nonadipose tissues is associated with increased level of insulin resistance, but the underlying mechanism is poorly understood. The DGAT-knockout mouse, however, has provided novel insights into the regulatory role of DGATs in regulating insulin sensitivity. DAG is both a substrate for DGAT enzymes as well as an activator for PKCs. Overactivation of DAG-responsive PKC isoforms in muscle, including PKC␤, -␣, -␦, -⑀, and -, is linked to muscle insulin resistance (4, 31, 37-39, 59, 80). Since DAG is both a product of MGAT enzymes and a substrate for DGAT enzymes, it is expected that mice deficient in MGAT will improve insulin sensitivity, whereas DGAT deficiency will cause insulin resistance as outlined by a hypothetic model in Fig. 4 .
In support of a regulatory role of DGAT1 in insulin sensitivity, transgenic overexpression of DGAT1 in type 1 skeletal muscle, slow-twitch muscle, protected mice from high-fat diet-induced insulin resistance. In contrast, DGAT1 deficiency diminishes insulin sensitivity and renders the muscles completely vulnerable to FA challenges, suggesting a musclespecific effect of DGAT1 in regulating insulin sensitivity (43) . Consistent with the model outlined in Fig. 4 , the transgenic expression not only increased intramuscular TAG levels but also decreased myocellular DAG and ceramide levels, leading to an improvement in muscle and whole body insulin sensitivity. The improved insulin sensitivity in the transgenic mice was associated with an attenuated fat-induced activation of DAGresponsive PKCs and the stress mediator JNK1 (2, 80) . Ceramide is a signaling molecule that inhibits Akt phosphorylation. Elevated ceramide in insulin-responsive tissues causes insulin resistance (66) . Transgenic overexpression of DGAT1 in the skeletal muscle stimulates Akt phosphorylation and plasma membrane translocation of GLUT4 as well as reduction of serine phosphorylation of the insulin receptor substrate-1 (43) . Moreover, overexpression of DGAT1 in rodent skeletal muscle was sufficient to recreate the athlete's paradox of increased intramyocellular fat stores and improved insulin sensitivity. The dissociation of increased intramyocellular TAG from insulin resistance depicted in Fig. 4 is also supported by the phenotype of adipose triglyceride lipase (ATGL)-knockout mice. ATGL is required for the initial conversion of TAG to DAG during lipolysis. ATGL-knockout mice were shown to exhibit a greater glucose tolerance in skeletal muscle despite a marked accumulation of intramyocellular TAG (34) . The transgenic Fig. 3 . The process of dietary lipid digestion and absorption. A: the digestion of dietary lipids begins in the stomach, where lipids are subjected to partial digestion by gastric lipase, forming large fat globules with a hydrophobic TAG core surrounded by polar molecules, including phospholipids (PL), free cholesterol (CL), fatty acids (FA), and ionizing proteins. The digestive processes are completed in the intestinal lumen, where large emulsions of fat globules are mixed with bile salts (BS) and pancreatic juice containing lipid digestive enzymes to form an aqueous suspension of small fatty droplets with maximized exposure to the pancreatic lipases for lipid hydrolysis. MAG, LPA, DAG, and free FA that are released from lipid and phospholipid hydrolysis join BS, CL, and fat-soluble vitamins to form mixed micelles for dietary fat absorption at the brush border of the enterocytes. B: after entering the enterocyte, MAG, LPA, and CL have to be reacylated before they can be absorbed. MAG is sequentially acylated by MGAT and DGAT enzymes to form TAG. LPA is acylated by LPAAT to PA followed by dephosphorylation by PAP to yield DAG. Dietary cholesterol (CL) is acylated by acyl-CoA: cholesterol acyltransferase (ACAT) to cholesteryl esters (CE). Facilitated by microsomal triglyceride transfer protein (MTP), TAG joins CE and apolipoprotein B (apoB) to form chylomicrons that are secreted to the lymph for circulation.
effect of DGAT1 on insulin sensitivity in skeletal muscle appears to contradict the phenotype of whole body DGAT1-knockout mice that exhibit an improvement in insulin sensitivity and resistance to high-fat diet-induced obesity (17, 19, 61) . This discrepancy underscores the critical tissue-specific effect of DGAT enzymes on metabolism. The importance of DGAT1 in maintaining insulin sensitivity is also highlighted by transplantation of fat from Dgat1 Ϫ/Ϫ mice to wild-type mice, leading to improved insulin sensitivity (18) .
In contrast to the transgenic effect of DGAT1 in insulin sensitivity in skeletal muscles, transgenic overexpression of DGAT2 in glycolytic (type II) muscle causes an increased level of TAG content, ceramides, and unsaturated long-chain fatty acyl-CoAs in young adult mice (41) . This lipid accumulation was accompanied by impaired insulin signaling and insulinmediated glucose uptake in glycolytic muscle and impaired whole body glucose and insulin tolerance (41) . The sharp contrast of phenotypes in insulin sensitivity for mice overexpressing DGAT1 and DGAT2 in the muscle could be because of three reasons. 1) The DGAT1 transgenics express the transgene in both oxidative (type I, slow-twitch, red) and glycolytic (type II, fast-twitching, white) fibers, whereas DGAT2 transgenics only express DGAT2 in glycolytic fiber.
2) DGAT1 has broader substrate specificity, and with an apparent high K m , than DGAT2. It has been speculated that DGAT1 might be more closely involved with the esterification of exogenous FA, whereas DGAT2 might be more involved with the esterification of FA synthesized de novo (41).
3) DGAT1 and DGAT2 are localized in different subcellular locations. Therefore, their cellular implications of dynamic metabolic flux of DAG, fatty acyl-CoA, could be drastically different (64) .
The regulatory roles of DGAT enzymes in insulin sensitivity in other tissues are further complicated by conflicting results from phenotypic characterization reported in several studies. In one study, transgenic overexpression of DGAT1 in the white adipose tissue of C57/Bl6 mice rendered the mice more obese without significant effect on insulin sensitivity (20) , which is consistent with the metabolic consequences of transgenic expression in skeletal muscles. In contrast, adipose-specific overexpression of Dgat1 in FVB mice led to diet-induced insulin resistance and fatty liver without affecting muscle TAG content or the onset of diet-induced obesity. Adipocytes from Dgat1 transgenic mice displayed increased basal and isoproterenol-stimulated lipolysis rates, leading to the redistribution of fat from adipose tissue to the liver. Consequently, Dgat1 transgenic mice are both insulin and leptin resistant with markedly elevated plasma free FA levels. The phenotypic discrepancy of these studies could be due to different genetic backgrounds; sFVB has been shown to be more resistant to diet-induced obesity (36) , whereas C57/Bl6 is more sensitive.
In contrast to the adipogenic expression of DGAT1, transgenic overexpression of DGAT2 in mouse liver led to hepatic steatosis, with increased amounts of TAG, DAG, ceramides, and unsaturated long-chain fatty acyl-CoAs in the liver (51). However, the transgenic mice exhibited no insulin resistance or impairment of insulin signaling in the liver. Likewise, DGAT1 overexpression in the liver also failed to induce glucose or insulin intolerance (51) . Of interest, suppression of DGAT2, but not DGAT1, by antisense oligo treatment reverses dietinduced hepatic insulin resistance concurrent with reduction of DAG and TAG but not long-chain acyl-CoAs (23). These results further suggest different functions of the two DGAT enzymes in regulating insulin sensitivity in the liver.
Effects on satiety. MGAT catalyzes the synthesis of DAG using acyl-CoA and MAG as substrates. In addition to being a substrate for MGAT enzymes, MAG, especially 2-AG, also functions as an endogenous ligand for the endocannabinoid receptors (65). 2-AG is a unique molecular species of MAG that was initially isolated from rat brain and gut. 2-AG has also been identified from adipocytes where MGAT is expressed (30) . It binds to the cannabinoid receptors (CB1 and CB2) and exhibits a variety of cannabimimetic activities in vitro and in vivo, including stimulation of appetite (27, 32, 48) . Consequently, antagonists of CB1 receptor have recently been demonstrated with antiobesity effects both in animal models of obesity and in obese humans (28, 35) . However, the metabolic pathways involved in the synthesis of MAG in brain and gut are not well characterized. In support of a potential role of DGAT in regulating appetite, Dgat1-knockout mice exhibit Fig. 4 . A hypothetical model for the regulation of insulin sensitivity by the MGAT and DGAT enzymes. Obesity is associated with increased free fatty acid (FFA) influx to skeletal muscle, resulting in increased levels of intramyocellular TAG and other intracellular lipotoxic FA derivatives, such as DAG and ceramide. FFA enters muscles cells, where it is converted to long-chain fatty acyl-CoAs that are used for either the synthesis of DAG, ceramide, or ␤-oxidation in the mitochondria. DAG can also be generated from hydrolysis of triglyceride or phospholipids catalyzed by phospholipase C (PLC). DAG and ceramide are known to cause hyperactivation of multiple isoforms of protein kinase Cs (PKCs) and cJun NH2-terminal kinase (JNK), which phosphorylate serine residues on insulin receptor substrate-1 (IRS-1), leading to insulin resistance. Accordingly, inactivation of MGAT or overexpresion of DGAT in skeletal muscle is envisaged to improve insulin sensitivity by preventing the intracellular accumulation of DAG.
hyperphagia, particularly when they are exposed to cold (17) , but the underlying mechanism has not been investigated. It will be interesting to study whether the increased appetite in DGAT1-knockout mice is associated with an elevated level of MAG in the central nervous system and gut.
MGATs and DGATs as Drug Targets for Obesity and the Related Metabolic Complications
Obesity is characterized by excessive accumulation of TAG in adipose tissue. As discussed in the previous sections, the MGAT and DGAT enzymes are implicated in various steps in energy homeostasis from dietary fat absorption and fat storage to regulation of energy expenditure. Therefore, inhibiting these enzymes may offer pharmacological strategies for antiobesity treatment (60) . Consumption of a Western diet rich in animal fat is considered to be one of the major factors contributing to the ongoing obesity epidemic. In industrialized countries, dietary fat intake provides Ͼ40% of the caloric content of daily food consumption (25) . Inhibitors of dietary fat absorption can be used to treat obesity, as exemplified by the development of pancreatic lipase inhibitors for the treatment of obesity. As one of the only two drugs currently marketed for obesity (56) , Orlistat, also known as Xenical, is a potent and specific inhibitor of both gastric and pancreatic lipases (6, 12, 33, 72) used in the clinic for the treatment of obesity. The drug acts nonsystemically and reduces fat absorption by ϳ30%. However, Orlistat is not widely used by obese patients due to its major gastrointestinal side effects related to malabsorbed TAG, such as abdominal pain, urgency to defecate, increased flatus, steatorrhea, and diarrhea. Therefore, the MGAT and DGAT enzymes present an alternative drug target for dietary fat absorption due to their major role in fat absorption (8) . Furthermore, the three MGAT enzymes are expressed predominantly in gastrointestinal tract, which could possibly alleviate potential side effects of chemical inhibitors in other tissues. Discharge of MAG and free FA as an unabsorbed energy source in the stool may avoid the unwanted gastrointestinal side effects caused by Orlistat. This strategy is supported by the recent successful development of Slentrol, a microsomal triglyceride transfer protein (MTP) inhibitor developed specifically for the treatment of canine obesity (73) . Slentrol causes significant weight loss in canines by inhibiting dietary fat absorption and reducing food intake. Like MTP inhibitors, inhibition of MGAT enzymes may reduce food intake, since high concentration of MAG and free FA is expected to stimulate the secretion of norexigenic peptides, such as cholecystokinin, peptide YY, and glucagon-like peptide-1, that mimic the effects observed in gastrointestinal bypass patients (67) . One major concern for a potential MGAT inhibitor is the theoretical excessive accumulation of FA and MAG in enterocytes, which could be lipotoxic. However, this has not been a concern with MTP inhibitors, at least in canines, likely due to the high turnover rate of the gastrointestinal lining (68) . Detailed phenotypic characterization on MGAT-knockout mice is needed to better understand the pharmaceutical potentials of MGAT inhibitors for the treatment of obesity and its related metabolic complications.
Multiple patents have been filed on DGAT inhibitors for the treatment of obesity and its related metabolic complications. For example, the DGAT1 inhibitor XP620 has recently been shown to reduce apoB secretion in Caco-2 cells, TAG and DAG synthesis in primary enterocytes, and dietary fat absorption in mice (21) . Recently, a highly potent DGAT1 inhibitor was shown to cause weight loss, reduction in liver TAG, and depletion of serum TAG following a lipid challenge in a dose-dependent manner, recapturing the major phenotype of DGAT1-knockout mice (82) . However, it remains unclear whether a pan-inhibitor for both DGAT enzymes is more beneficial than isoform-specific inhibitors. Although inhibition of DGAT2 in the liver would likely offer the advantages of the prevention of steatosis and/or dyslipidemia, inhibition of DGAT2 in skeletal muscle and skin could exacerbate insulin resistance associated with obesity (43) . On the other hand, it could be argued that an agent that inhibits both DGAT activities might be more desirable to achieve maximal effects on inhibition of TAG synthesis in all tissues. Practically, development of isoform-specific inhibitors may be beneficial due to the tissue-and intracellular compartment-specific distribution of DGAT1 and DGAT2 and the lack of sequence homology between these two isoforms. When targeting DGAT1 and/or DGAT2 in obesity treatments, one must also consider the potential side effects in skin, lactation, and teratogenic consequences as predicted from the pathophysiological conditions associated with DGAT1 and DGAT2 deficiency (61, 63) . Whether these pharmacological approaches would succeed awaits definitive answers from clinical trials of DGAT1 and MGAT inhibitors that may be delivered soon by several pharmaceuticals.
Future Perspectives
Recent advances in the identification and characterization of MGAT and DGAT enzymes have laid a solid foundation for the understanding of their functional importance in energy metabolism. Generation and phenotypic characterization of transgenic and knockout mouse models of the DGAT enzymes has shed important light on the dynamic functional roles of these enzymes in regulating TAG synthesis and their related physiological functions, such as insulin signaling, energy homeostasis, and lactation. Studies on the MGAT enzymes lag behind those of the DGAT enzymes, partly due to the fact that they have only recently been identified and characterized. Although both MGAT and DGAT enzymes are involved in TAG synthesis, they likely differ significantly in their physiological functions as suggested by their differences in tissue expression patterns and substrate preferences. The MGAT enzymes are expected to play an important role in regulating the energy homeostasis in the gastrointestinal tract, in dietary fat absorption, and within the gastrointestinal-pancreas-brain axis in the regulation of food intake. In contrast, the DGATs are involved in regulating both intestinal and de novo TAG synthesis in liver and adipose tissues. Since 2-AG is a regulator of appetite by activating the CB1 receptor, the potential functional role of the MGAT enzymes in regulating appetite in the central nervous system deserves to be further explored. The recent generation of MGAT2-knockout mice will greatly facilitate such studies. The question remains as to why mammals possess multiple isoforms of the MGAT enzymes and how they differ in metabolic and physiological functions. Finally, although much has been learned from murine MGAT and DGAT transgenic and knockout models, precaution must be taken in making generalizations to humans. For example, MGAT3 is found only in higher mammals but not in rodents. Much anticipated are clinical trials utilizing DGAT and MGAT inhibitors in treating obesity and its related metabolic complications.
